Abstract. There is an urgent requirement for a new therapeutic target for activated B-cell-like lymphoma (ABC-DLBCL), which is known to have dismal outcome and constitutive activation of NF-κB. Heme oxygenase-1 (HO-1) can inhibit apoptosis and promote proliferation in many cancers. To our knowledge, no studies have been performed on the correlation between HO-1 and DLBCL. In this study, immunohistochemical analysis of 31 tumor tissues from DLBCL patients [20 of ABC subtype and 11 of germinal center B-cell-like (GCB) subtype] and 11 normal lymph nodes revealed that HO-1 overexpression was characteristic of ABC-DLBCL. In addition, HO-1 mRNA expression levels were consistent with the immunohistochemistry results. High levels of HO-1 expression were significantly correlated with the involvement of more than 1 extranodal site (p=0.025), with a high positivity rate of Ki-67 (p<0.01). Similar to its anti-apoptotic role in other malignancies, HO-1 upregulation suppressed apoptosis of the ABC-DLBCL cell line OCI-ly10, whereas its downregulation sensitized the tumor cells to chemotherapeutic drugs. Further study demonstrated that the HO-1 overexpression was mediated by constitutively activated NF-κB which together played an anti-apoptotic role in ABC-DLBCL. Combination of the NF-κB inhibitor Bay11-7082 and the lentivirus vector Lenti-siHO-1 significantly decreased HO-1 protein expression and increased apoptosis in OCI-ly10 cells. However, in GCB-DLBCL cells with low levels of NF-κB expression, the TNF-α-mediated activation of NF-κB leading to HO-1 upregulation rescued the cells from apoptosis caused by HO-1 silencing. These results indicated that HO-1 can be a potential target for the treatment of ABC-DLBCL.
Introduction
Diffuse large B-cell lymphoma (DLBCL) is an aggressive and the most common subtype of non-Hodgkin lymphoma, accounting for 30-40% of all newly diagnosed cases (1) . DLBCLs are highly heterogeneous at the molecular level (2); gene expression profiling studies have identified ≥2 major molecular subtypes of DLBCL, germinal center B-cell-like (GCB) and activated B-cell-like (ABC) DLBCL, which differ with respect to the expression of hundreds of genes and have distinct prognoses (3) . The biggest difference between ABC-DLBCL and GCB-DLBCL is that the ABC subtype has a lower cure rate. Significantly, after R-CHOP treatment, the ABC subtype shows an inferior outcome compared with that of the GCB subtype (3-year progression-free survival, ~40% versus 75%; p<0.001) (4) . Therefore, it is very important to find potential therapeutic targets for ABC-DLBCL.
Heme oxygenase-1 (HO-1), also known as heat shock protein 32, is a stress-related cytoprotective molecule that is expressed constitutively in various neoplastic cells (5) . HO-1 can be strongly induced in response to cellular stress and oxidative stimuli, such as nitric oxide (6) , heat shock (7), and inflammatory cytokines (8) . Moreover, under pathological or stress conditions, increased HO-1 expression can lead to resistance to apoptosis, promotion of cell proliferation, and alleviation of inflammation (9) .
Recently, the relationships between high HO-1 expression, drug resistance, and promotion of cell proliferation have been extensively studied (10) (11) (12) (13) (14) . Our previous studies have shown that HO-1 is highly expressed in acute myelogenous leukemia (AML), myelodysplastic syndromes, and chronic myelogenous leukemia (CML) (15) (16) (17) (18) (19) , confirming that HO-1 plays an important role as an anti-apoptotic molecule and could be a potential target for treatment. However, the role of HO-1 in DLBCL remains to be elucidated. In this study, based on analyses of its
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protein and mRNA levels in 31 DLBCL patients, we found that HO-1 was characteristically overexpressed in ABC-DLBCLs. ABC-DLBCL is characterized by constitutive activation of the nuclear factor-κB (NF-κB) pathway (20, 21) . NF-κB is a key transcription factor that promotes cell survival and proliferation, and inhibition of apoptosis (22, 23) . Targeting of NF-κB and its downstream genes can trigger apoptosis in ABC-DLBCL cells (20, 24, 25) . However, NF-κB regulates hundreds of genes, not all of which have been thoroughly investigated.
Many studies have been performed to clarify the relationship between NF-κB and HO-1 in various diseases. Recently, several studies have indicated that NF-κB can induce the expression of HO-1 (26) (27) (28) . Li et al demonstrated that NF-κB activation is important for the upregulation of HO-1 (29) . Rushworth et al demonstrated that nuclear factor erythroid 2-related factor 2 (Nrf2) expression is regulated by high levels of nuclear NF-κB in AML cells (30) and that Nrf2 is found directly upstream of HO-1 (31, 32) . To the best of our knowledge, the relevance of NF-κB and HO-1 in DLBCLs has not yet been clarified. Considering the relationship between HO-1 and NF-κB, we hypothesized that the high level of HO-1 expression in ABC-DLBCL is due to the constitutive activation of NF-κB. Furthermore, the NF-κB-regulated HO-1 may play an anti-apoptotic role, which leads to the dismal therapeutic outcomes in ABC-DLBCL.
Therefore, we analyzed the influence of HO-1 on vincristine (VCR)-and/or dexamethasone (DxM)-induced proliferation inhibition and apoptosis in OCI-ly10 cells. An approach involving knockdown of HO-1 gene expression via lentivirus-mediated siRNA delivery and another involving HO-1 overexpression were used. Furthermore, we focused on whether HO-1 overexpression plays an anti-apoptotic role in ABC-DLBCL and explored the possible mechanism involved.
Materials and methods
Study cohort. From 2008 to 2013, 32 newly diagnosed patients with DLBCL who had not received therapy were included in the study. Their paraffin-embedded tissues and fresh-frozen tumor tissues were obtained from the files of the affiliated Hospital of Guiyang Medical University after necessary informed consent and/or exemption had been acquired. All DLBCL diagnoses were made according to the World Health Organization classification system (33) . After determining the cell-of-origin subtypes of DLBCL using formalin-fixed paraffin-embedded (ffPe) tissue as previously described (34), 20 patients were grouped into the ABC subtype and 11 patients into the GCB subtype; only 1 patient was considered to have an unclassified subtype and was excluded from the study. The 31 patients in the study included 19 males and 12 females, aged 20-90 years (median age, 58 years). All patients underwent surgical resection of tumor tissue. Eleven normal lymph nodes (confirmed as normal tissues by pathology) from non-tumor adjacent tissues of gastric cancer patients were also selected as negative controls and 5 spleen samples from healthy individuals were selected as the positive control. The study was approved by the institutional review board (affiliated Hospital of Guiyang Medical University), and informed consent was obtained in accordance with the Declaration of Helsinki, prior to obtaining fresh tumor tissue in each case. Patient characteristics are summarized in Table I .
Cells. The human DLBCL cell lines OCI-ly10, OCI-ly19 were purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen. The cell lines were cultured at 37˚C in a 5% humidified atmosphere in RPMi-1640 medium supplemented with 20% fetal bovine serum (Gibco BRL; Life Technologies, Carlsbad, CA, USA), penicillin (100 U/ml), and streptomycin (100 µg/ml). Normal human B lymphocytes were purified from blood donor buffy coats using the human B-cell enrichment cocktail from StemCell Technologies.
Reagents. The following reagents were used: fetal bovine serum (gibco BRL); RPMi-1640 medium (gibco BRL); dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, uSa); annexin V-fluorescein isothiocyanate (fiTC)/propidium iodide (Pi) apoptosis detection kit (BD Biosciences, San Jose, CA, USA); primary antibodies such as p-p65 S536 and p-IκB-α S32/S36 for western blot analysis (Cell Signaling Technology, Beverly, MA, USA); secondary antibodies (Li-Cor Corp., Lincoln, NE, USA); TRIzol reagent (Life Technologies); and VCR and DxM (Sigma-aldrich).
Immunohistochemistry. Immunohistochemistry was performed on the study cohort samples obtained from the archives of affiliated Hospital of guiyang Medical university, using 5-µm-thick ffPe tissue sections. Slides were deparaffinized and pretreated with 10 mM citrate (pH 6.0; Zymed, South San Francisco, CA, USA) in a steam pressure cooker (Decloaking Chamber; BioCare Medical, Walnut Creek, CA, USA) and subsequently washed in distilled water. All further steps were performed at room temperature in a hydrated chamber. Slides were pretreated with Peroxidase Block (Dako USA, Carpinteria, CA, USA) for 5 min to quench endogenous peroxidase activity. Primary mouse anti-HO-1 antibody (1:120 dilution; Beyotime, Shanghai, China) was incubated in the Dako diluent (Dako uSa) for 1 h. The specificity of the HO-1 antibody was previously confirmed by immunoblotting an HO-1-positive control cell line, demonstrating reactivity with a single band of appropriate molecular weight. Slides were washed in 50 mM Tris (Tris(hydroxymethyl) aminomethane)-Cl (pH 7.4) and incubated with anti-mouse horseradish peroxidase (HRP)-conjugated antibody solution (Envision+ Detection kit; Dako USA) for 30 min. After further washing, immunoperoxidase staining was developed with the chromogen diaminobenzidine (Dako USA), and slides were counterstained with Harris hematoxylin (Polyscientific, Bay Shore, NY, USA).
Quantitative analysis and staining interpretation. In order to evaluate HO-1 expression, immunostained sections were scored semiquantitatively according to the proportion of tumor cells stained and the staining intensity, as previously described (35, 36) . Briefly, all specimens were assessed using the immunoreactive score (IRS), which was calculated by multiplying the staining intensity (grade 0, none; 1, weak; 2, moderate; 3, strong) by the percentage of positively stained cells (0, <5.0%; 1, 5-25%; 2, 26-50%; 3, >51%). For HO-1 staining, samples with staining intensity greater than or equal to the median value were categorized as high, whereas those with staining intensity lesser than the median value were categorized as low. We defined iRS ≥4 as positive and iRS <4 as negative.
for each tumor section, 5 randomly chosen fields and ≥500 cancer cells were analyzed. Slides were examined using an E-400 microscope (Nikon, Tokyo, Japan) to produce digital images that were visualized using a computer-aided image analysis system (Win ROOF version 5.0; Mitani, Fukui, Japan). Slides were evaluated twice at different times by 2 investigators who were blinded to the clinicopathological features and survival data.
Viral transduction. Sequences containing human HO-1 (HO-1, 5'-gCgTTTaCCCgCCaTCCgCaCCCTaggagaTCTCa gCCaCag-3') and small interfering Rna targeting human HO-1 (siRna-HO-1, 5'-TggTagggCTTTaTgCCaTgT TTCaagagaaCaTggCaTaaagCCCTaCTTTTTTC-3') were selected with Invitrogen designer software. Retroviruses were generated by transfecting empty plasmid vectors containing enhanced green fluoresence protein (egfP) or vectors containing human HO-1-egfP/siRna-HO-1-egfP into 293FT packaging cells, using FuGENE HD6. Lentiviral stocks were concentrated using the Lenti-x concentrator, and titers were determined with the Lenti-x qRT-PCR Titration kit (Shanghai Innovation Biotechnology Co., Ltd., China). Finally, 4 recombinant lentiviral vectors were constructed: lentivirus-V5-D-TOPO-HO-1-egfP (L-HO-1), lentivirus-V5-D-TOPO-egfP (TOPO-egfP), lentivirus-pRnai-u6.2-egfP-siHO-1 (siHO-1), and lentivirus-pRnai-u6.2-egfP (Rnai-egfP). for transduction, cells were plated onto 12-well plates at 2.5x10 5 cells/well and infected with the lentiviral stocks at a multiplicity of infection of 10 in the presence of polybrene (10 µg/ml) and then analyzed by fluorescence microscopy (Olympus, Tokyo, Japan) and western blotting at 48 h post-transduction. OCI-ly10 cells and OCI-ly19 cells were transduced with L-HO-1, siHO-1, Rnai-egfP and TOPOegfP, respectively.
MTT assay. The effects of HO-1 on the proliferation of OCi-ly10 cells, as well as the responses to VCR and DxM, were determined by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were seeded in 96-well plates at a density of 5,000 cells/well. The cell line was exposed to different concentrations of DxM (0.5, 1, 2, 4, 6, 8, 10 and 12 mM) and VCR (0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 µM) for 24 h. After the treatment, 20 µl of MTT dye (5 mg/ml; Sigma-Aldrich) was added to each well. after 4 h of incubation at 37˚C, the culture medium was removed. Subsequently, 150 µl of DMSO was added and thoroughly mixed for 10 min. Spectrometric absorbance at 570 nm was measured with a microplate reader. The experiments were performed 5 times for each group. The survival rate (SR) was measured using the following equation: SR (%) = (A Treatment / A Control ) x 100%. The concentration that produced 50% cytotoxicity (IC 50 ) was determined using graphPad Prism 5.0 software (graphPad Software inc., San Diego, Ca, uSa).
Flow cytometry. Cells were harvested, washed with phosphatebuffered saline (PBS), and stained with an annexin V-fiTC/ Pi apoptosis kit (BD Biosciences) according to the manufacturer's instructions. apoptotic cells were detected using a faCScan flow cytometer (Becton-Dickinson, franklin Lakes, NJ, USA), and the data were analyzed using CellFIT software.
RNA extraction and qPCR. Total RNA was extracted from ffPe tissue sections of samples obtained from DLBCL patients by using the Rnaprep Pure ffPe kit (Tiangen Biotech, Beijing, China) according to the manufacturer's instructions. Total RNA from OCI-ly10 cells was extracted using TRizol reagent according to the manufacturer's instructions. qPCR was performed using the SYBR green PCR Master Mix (Tiangen Biotech) and PRiSM 7500 Real-Time PCR detection system (aBi PRiSM, uSa). The HO-1 expression level was analyzed relative to that of the β-actin gene. Primers for qPCR were as follows: HO-1-f, 5'-aCCCaTgaCa CCaaggaCCaga-3'; HO-1-R, 5'-gTgTaaggaCCCaTCg gagaagC-3'; β-actin-f, 5'-gagaCCTTCaaCaCCC CagC-3'; and β-actin-R, 5'-aTgTCaCgCaCgaTTTCCC-3'. The reaction mixture contained cDNA, primers, and SYBR Master Mix and had a total volume of 20 µl. The thermal cycling conditions used were 1 min at 94˚C, followed by 40 cycles at 94˚C for 10 sec and 60˚C for 15 sec.
Immunofluorescence staining. The correlationship of p65 and HO-1 was examined by immunofluorescence. OCi-ly10 cells were plated on 6-well culture plates, Bay11-7082 pretreated or left untreated for 1 h, and incubated with TNF-α (15 ng/ml). Then the cells were rinsed in PBS and fixed by incubation with 4% formaldehyde in PBS for 15 min at room temperature. after washing with PBS, cells were permeabilized with PBS containing 0.25% Triton x-100. The cells were blocked in PBS containing 5% BSA for 30 min. Next, with further washing, . Cytoplasmic and nuclear proteins were extracted using a nuclear and cytoplasmic protein extraction kit (Beyotime) according to the manufacturer's instructions. equal amounts of protein from the lysates were resolved using 10% SDS-Page gels and transferred to polyvinylidene difluoride membranes (Millipore Corp., Milford, MA, USA) in order to analyze protein expression by western blot analysis. The membranes were blocked with 5% non-fat milk in Tris-buffer at room temperature for 2 h and then incubated overnight at 4˚C with primary antibody against the protein of interest. After the membrane was washed with PBS with 0.1% Tween-20, it was incubated with the appropriate HRP-conjugated secondary antibody, and protein levels were detected with enhanced chemiluminescence (7Sea Biotech). The optical densities were analyzed using Quantity One software.
Statistical analysis. Statistical analysis of the data was conducted using SPSS version 19 software package (SPSS, Chicago, iL, uSa). all data are presented as the mean ± standard error of the mean (SEM). Statistical analyses were performed using analysis of variance (anOVa) and Student's t-test. The fisher's exact test was used to assess the relationship between HO-1 expression and clinicopathological features. The optical density for the western blot assay was quantified with Quantity One software. A p-value of <0.05 was considered statistically significant.
Results

HO-1 is characteristically overexpressed in ABC-DLBCL patients.
Upon immunohistochemical analysis of surgical resections of DLBCL tissues and normal lymph nodes, HO-1 expression was mainly detected in the cytoplasm and membrane of tumor cells, whereas nuclear staining was almost undetectable (Fig. 1A) . The mean IRS was 4, and samples were considered positive when iRS was ≥4. finally, 18 of 31 (58.1%) patients were found to have tumors positive for HO-1 expression, whereas normal lymph nodes were negative for HO-1 expression. Among these positive samples, we found that there was a significantly higher percentage of HO-1 positivity in ABC-DLBCL (75%) than in GCB-DLBCL (27.3%) (p=0.021). We also detected HO-1 mRna expression in ffPe tissue sections, and the data showed that the expression of HO-1 was significantly higher in aBC-DLBCL than in gCB-DLBCL (p<0.01) and the negative control group (p<0.01) (Fig. 1B) .
These results indicated that high HO-1 expression is characteristic of ABC-DLBCL.
HO-1 expression correlates strongly with Ki-67 expression in DLBCL patients. HO-1 protein expression in DLBCL patients was further evaluated according to the clinicopathological characteristics of DLBCL; the results are summarized in Table II . Age and gender were not determinant factors of Table II . Correlation between HO-1 expression and clinicopathological features of DLBCL patients. HO-1 expression. The rate of HO-1 positivity was significantly higher in patients with >1 site of extranodal involvement (11/13, 84.6%) than in patients with only 1 site of extranodal involvement (7/18, 38.9%) (p=0.025). However, no significant correlation was observed between the T stage and International Prognostic index (iPi) score, performance status, lactate dehydrogenase levels, and B symptoms. The HO-1 positivity rate was strongly related with Ki-67 expression in DLBCL patients (R=0.7380; p<0.01). We then further analyzed the relationship between the expression of HO-1 and Ki-67 in ABC-DLBCLs and observed a more obvious correlation (R=0.8062; p<0.01) (Fig. 1C) .
High expression of HO-1 can inhibit apoptosis in the ABC-DLBCL cell line OCI-ly10. Given a previous study
showing that HO-1 expression and the Ki-67 positivity rate were closely related, and since Ki-67 is a proliferation-associated nuclear antigen (37), we concluded that HO-1 plays a role in promoting proliferation and preventing apoptosis, as previously described (5,9). HO-1 expression was compared among the ABC-derived cell line OCI-ly10, other different groups of cell lines, and cancer cells from randomly selected DLBCL patients. Western blot analysis showed that HO-1 was expressed at low levels in normal B cells, normal lymph nodes, and GCB-DLBCL cells, whereas ABC-DLBCL cells and OCI-ly10 cells had high levels of HO-1 expression (Fig. 2A) .
In order to further investigate the effects of HO-1 on apoptosis, we used a lentiviral system to regulate HO-1 expression. Expression of HO-1 in OCI-ly10 cells was downregulated upon transduction with siHO-1 and upregulated upon transduction with L-HO-1. Western blotting results showed that HO-1 was highly expressed in OCi-ly10-Lentivirus-V5-D-TOPO-HO-1-egfP (OCi-ly10-L-HO-1) cells but poorly expressed in OCi-ly10-lentivirus-pRnai-u6.2-egfP-siHO-1 (OCi-ly10-siHO-1) cells after 48 h of transduction, which indicates successful transductions of the vectors (Fig. 2B) .
Subsequently, we examined the viability of OCI-ly10 cells in response to varying concentrations of DxM and VCR, which are commonly used chemotherapeutic drugs in DLBCLs. OCi-ly10, OCi-ly10-L-HO-1, OCi-ly10-TOPOegfP, OCi-ly10-siHO-1, and OCi-ly10-Rnai-egfP cells were cultured with DxM and VCR at different concentrations. With increasing concentration of DxM or VCR, the viability of cells decreased gradually. At the same concentration of DxM or VCR, cells with a high HO-1 expression level had significantly higher viability rates than their counterparts with low expression (Fig. 2C) . The apoptosis rate of high HO-1-expressing groups was the lowest, whereas that of low HO-1-expressing groups was the highest. These results were validated by the annexin V-fiTC/Pi assay after induction of cells with 1 mM DxM or 0.5 µM VCR for 24 h (fig. 2D) . Interestingly, HO-1 expression was negatively correlated with the expression of apoptotic proteins, including cleaved caspase-3, cleaved caspase-8, and cleaved caspase-9, when cells were treated with 0.5 µM VCR (Fig. 2F) . Hence, these data demonstrate that upregulation of the HO-1 expression can lead to the inhibition of OCI-ly10 cell apoptosis, indicating that HO-1 has an anti-apoptotic effect.
Characteristic HO-1 overexpression in ABC-DLBCL is driven by constitutively activated NF-κB.
Having confirmed that HO-1 is associated with apoptosis, the next step was to investigate the mechanism of the HO-1 expression increase in aBC-DLBCL. Previous studies indicated that HO-1 expression is regulated by NF-κB (26) (27) (28) (29) . Because NF-κB is known to be constitutively activated in ABC-DLBCL, we hypothesized that the characteristic HO-1 overexpression in ABC-DLBCL could be regulated by NF-κB.
To test this hypothesis, we treated OCI-ly10 cells with Bay11-7082, an inhibitor of IκB-α phosphorylation. Bay11-7082 inhibited the phosphorylation of IκB-α and p65 in a time-and dose-dependent manner, which represented the activation of NF-κB (Fig. 3B) . Considering the high cytotoxicity of Bay11-7082 at a concentration of 15 µM ( fig. 3a) , we finally chose the concentration of 10 µM to treat OCI-ly10 cells for 60 min. Then, western blot analysis of the protein levels of p-p65 and p-IκB-α readout of phosphorylation of IκB-α and p65) and HO-1, in different transduction groups untreated or treated with Bay11-7082, was performed. As shown in Fig. 3C , HO-1 expression could be inhibited by Bay11-7082 and siHO-1. Moreover, the combination of siHO-1 and Bay11-7082 significantly reduced HO-1 expression compared with the empty vector group. However, the expression of p-p65 and p-IκB-α was only slightly changed after silencing of HO-1 expression. Similarly, transduction of HO-1 had no effect on p-p65 and p-IκB-α. These results indicated that HO-1 was downstream of NF-κB.
The translocation of p65 is known to be an important indicator of NF-κB activation. Therefore, tumor necrosus factor-α (TNF-α) was used to activate the nuclear translocation of p65 in the absence and presence of Bay11-7082, which is also an NF-κB pharmacological inhibitor. In the absence of inhibitor, a significant response of p65 in the nucleus was obtained within 15 min. As shown in Fig. 3D and E, pretreatment with Bay11-7082 caused attenuation of the TNF-α-induced p65 translocation and HO-1 protein level in a concentration-dependent manner. In addition, Bay11-7082 decreased the HO-1 mRna expression ( fig. 3f) . Similarly, immunofluorescence staining showed that the TNF-α-induced translocation of p65 to the nucleus was blocked by pretreatment with Bay11-7082 ( fig. 3g) . Double staining showed that the majority of HO-1 was localized in the cytoplasm of OCI-ly10 cells, where it was decreased while p65 was blocked. These results suggest that regulation of NF-κB can affect the expression of HO-1.
To further validate the results, 10 fresh tumor tissues from ABC-DLBCL patients were randomly selected and the NF-κB relative protein expression was analyzed (Fig. 4A) . Cytosolic figure 4. Protein levels of HO-1 and nf-κB are increased in ABC-DLBCL patients. (A) Nuclear and cytosolic western blots were reprobed for p65 and HO-1 expression. Whole-cell western blots were reprobed for p-IκB-α, p-p65, t-p65, and t-IκB-α expression. Lamin B was used as the nuclear protein reference whereas β-actin was used as the cytosolic and whole-cell protein references. (B) Scatterplot representing the correlation of HO-1 expression with the degree of NF-κB activation in aBC-DLBCL patient samples. for protein levels of nuclear p65 versus cytosolic HO-1 (B, left), the Spearman correlation coefficient R=0.9146, p<0.01; for protein levels of phosphorylated p65 versus cytosolic HO-1 (B, middle), R=0.9369, p<0.01; for protein levels of phosphorylated p-IκB-α versus cytosolic HO-1 (B, right), R=0.8169, p<0.01.
HO-1 expression was positively correlated with nuclear p65 expression (R=0.9146) and with the phosphorylated forms of p65 and IκB-α, which were obtained from the whole-cell lysate (R=0.9369 and R=0.8169, respectively) (Fig. 4B) . These results suggest that HO-1 expression is positively correlated with the degree of NF-κB activation in ABC-DLBCL. Moreover, it can be concluded that NF-κB is found upstream of HO-1 in ABC-DLBCL, regulating HO-1 expression and thereby affecting cell apoptosis.
Activated NF-κB-mediated upregulation of HO-1 expression inhibits apoptosis in GCB-DLBCL cells.
Having shown that HO-1 overexpression is attributable to the constitutively activated NF-κB in ABC-DLBCL, we next wanted to determine whether activated NF-κB will cause changes in HO-1 expression in GCB-DLBCL cells that have low NF-κB activity (21) . We compared the HO-1 expression and NF-κB activity levels in the ABC-DLBCL cell line OCI-ly10 with those in the GCB-DLBCL cell line OCI-ly19. The results showed that the aforementioned levels were lower in OCI-ly19 cells than in OCI-ly10 cells (Fig. 5A) . We then used TNF-α to activate NF-κB and observed the HO-1 expression. After successfully knocking down HO-1 expression in OCI-ly19 cells with si-HO-1 ( fig. 5B) , we incubated ly19, ly19-Rnai-egfP, and ly19-siHO-1 with or without TNF-α. HO-1 expression was upregulated after the TNF-α-mediated increased phosphorylation of p65 and IκB-α (Fig. 5C) . Furthermore, HO-1 expression was superinduced in the presence of both TNF-α and L-HO-1 (Fig. 5D) . However, there was no effect on p-p65 and p-IκB-α when regulating HO-1 first. The results indicated that HO-1 expression can be upregulated by NF-κB in GCB-DLBCL cells.
Poly(aDP-ribose) polymerase-1 (PaRP-1), which can be proteolytically cleaved by caspase-3 at the DEVD peptide sequence site to generate an 85-and a 24-kDa fragment, is a known caspase-3 substrate. In OCI-ly10 cells, consistent with the decreased HO-1 protein levels, Bay11-7082 treatment or Lenti-siHO-1 expression increased the PaRP cleavage activity, and their combination resulted in maximum cleavage of PaRP (Fig. 5E) . Furthermore, knockdown of HO-1 was associated with increased cleaved PaRP in OCi-ly19 cells. However, such HO-1 decrease was reversed upon treatment with the NF-κB activator TNF-α.
Subsequently, apoptosis was detected in OCI-ly10 cells by flow cytometry, and the combination of Bay11-7082 and siHO-1 significantly increased the apoptotic event ( fig. 5f ). However, there were no significant differences in apoptosis after either siHO-1 or Bay11-7082 treatment alone. In OCI-ly19 cells, the combination of TNF-α and siHO-1 could rescue the apoptotic phenotype caused by HO-1 silencing in OCI-ly19 cells (Fig. 5G) . These results demonstrated that the NF-κB-mediated overexpression of HO-1 not only plays an anti-apoptotic role in ABC-DLBCL cells but also inhibits apoptosis in GCB-DLBCL cells. Thus, since HO-1 overexpression may be responsible for the dismal outcomes in ABC-DLBCL, a combined target comprising NF-κB and HO-1 may provide a new therapeutic option for this DLBCL subtype.
Discussion
HO-1 is well known as a stress-related cytoprotective molecule and is overexpressed in various tumors as well as hematological malignancies such as BCR-ABL-positive CML and most AMLs. Moreover, HO-1 overexpression is related to increased tumor proliferation and resistance to apoptosis. Currently, HO-1 has been confirmed as a novel target for aML and CML (14, 19) . However, to the best of our knowledge, the relationship between HO-1 and DLBCL has not yet been elucidated. Thus, we focused on the expression of HO-1 and its role in DLBCL.
In this study, we showed that a high level of HO-1 expression is characteristic of the ABC lymphoma subtype. At the same time, HO-1 had a low level of expression in the GCB lymphoma subtype, but the expression was still significantly higher than that in normal lymph nodes due to the fact that HO-1 can be induced by various pathological stimuli. Analysis of the clinicopathological features possibly related to HO-1 showed that its high-level of expression was correlated with high levels of Ki-67 in DLBCL; this correlation was more obvious in ABC-DLBCL. Ki-67 is a nuclear antigen associated with tumor invasion and proliferation, and can be used as an index to judge the proliferation and malignancy degree of nonHodgkin lymphoma (38) . Miller et al demonstrated that a high proliferative index due to increased Ki-67 is inversely related with overall survival (39) . Katzenberger et al demonstrated that the Ki-67 proliferation index is a quantitative indicator of clinical risk in mantle cell lymphoma (40) . In the promotion of proliferation, Ki-67 and HO-1 have common points. Moreover, the rate of HO-1 positivity was significantly higher in patients with >1 site of extranodal involvement. These results suggest that, in addition to its widely known roles in tumor cells as a protective molecule against various stresses and in supporting rapid tumor growth, HO-1 may be associated with tumor invasion and proliferation.
Moreover, no significant association of HO-1 expression with other clinicopathological features of DLBCL was observed, including age, gender, performance status, iPi score, lactate dehydrogenase level, B symptoms, and T stage of tumors. However, it was observed that tissues of III/IV stage and with high-intermediate to high iPi scores showed higher levels of HO-1 expression. These results may be attributed to the use of a small number of patient samples.
Since HO-1 is overexpressed in ABC-DLBCL and may be associated with proliferation, we investigated the effect of high HO-1 expression on the ABC-DLBCL cell line OCI-ly10 after HO-1 overexpression or knockdown by lentiviral vector delivery. Despite incubation with DxM or VCR, HO-1 overexpression resulted in a higher viability rate and lower apoptotic rate. Moreover, HO-1 was negatively correlated with the cleaved forms of the caspase family of proteins. Numerous studies had reported that HO-1 overexpression plays an anti-apoptotic role and leads to drug resistance in hematological malignancies such as AML and CML (14, 19) . Our study demonstrated that HO-1 can also suppress apoptosis in ABC-DLBCL cells in vitro. Our next step would be to study the anti-apoptotic effect of HO-1 in vivo.
To date, several studies have indicated that NF-κB can regulate the induction of HO-1 expression (26) (27) (28) . Li et al demonstrated that NF-κB activation is necessary for basal levels of cardiac HO-1 protein expression (29) . We hypothesized that the high basal expression of HO-1 is due to NF-κB which is constitutively activated in ABC-DLBCL. NF-κB, a pathogenetic hallmark of ABC-DLBCL, promotes cell survival and proliferation and inhibits apoptosis (2) . In this study, activated NF-κB increased the expression of HO-1, whereas NF-κB inhibition had the opposite effect. Expression of p-p65 and p-IκB-α was not affected by the changes in HO-1, and this verified that HO-1 is directly downstream of NF-κB. On comparing the protein levels of NF-κB and HO-1 in 10 randomly selected patients of ABC-DLBCL and control groups, we found that HO-1 was constitutively activated in ABC-DLBCLs. Furthermore, phosphorylation of the NF-κB subunit p65 and of IκB-α may be responsible for the expression of HO-1.
Further studies were performed on the GCB-DLBCLderived cell line OCI-ly19 that has a low level of NF-κB activity. After the TNF-α-mediated activation of NF-κB, increased HO-1 expression was observed. Taken together, these results show that basal HO-1 expression is under the control of NF-κB. Moreover, if the basal NF-κB activity is stimulated in OCI-ly19 cells, HO-1 will be subsequently induced and therefore provides a second line of defense against anticancer drugs. However, combining the inhibition of NF-κB and HO-1 in OCi-ly10 cells significantly increased apoptosis and thus may suggest a new target for therapy of ABC-DLBCL.
A bigger sample pool of DLBCL patients is required to perform further investigations to verify HO-1 expression in different DLBCL subtypes. The underlying signaling pathway remains to be further elucidated since the mechanism of how HO-1 overcomes apoptosis is unclear.
In conclusion, the characteristic overexpression of HO-1 is mediated by constitutively activated NF-κB in ABC-DLBCL. HO-1 expression inhibits apoptosis in ABC-DLBCL, whereas HO-1 silencing promotes apoptosis. Increasing the expression of HO-1 in GCB-DLBCL-derived OCI-ly19 cells can lead to drug resistance. Furthermore, the combination of NF-κB and HO-1 may provide a new target for the therapy of aBC-DLBCL. The findings herein provide valuable experimental evidence for the targeted therapy of ABC-DLBCL.
